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ABSTRACT
The Next Generation Balloon-borne Large Aperture Submillimeter Telescope (BLAST-TNG) is a submillimeter
mapping experiment planned for a 28 day long-duration balloon (LDB) flight from McMurdo Station, Antarctica
during the 2018-2019 season. BLAST-TNG will detect submillimeter polarized interstellar dust emission, tracing
magnetic fields in galactic molecular clouds. BLAST-TNG will be the first polarimeter with the sensitivity and
resolution to probe the ∼0.1 parsec-scale features that are critical to understanding the origin of structures in
the interstellar medium. With three detector arrays operating at 250, 350, and 500 µm (1200, 857, and 600
GHz), BLAST-TNG will obtain diffraction-limited resolution at each waveband of 30, 41, and 59 arcseconds
respectively.
To achieve the submillimeter resolution necessary for its science goals, the BLAST-TNG telescope features
a 2.5 m aperture carbon fiber composite primary mirror, one of the largest mirrors flown on a balloon platform.
Successful performance of such a large telescope on a balloon-borne platform requires stiff, lightweight optical
components and mounting structures. Through a combination of optical metrology and finite element modeling
of thermal and mechanical stresses on both the telescope optics and mounting structures, we expect diffraction-
limited resolution at all our wavebands. We expect pointing errors due to deformation of the telescope mount to
be negligible. We have developed a detailed thermal model of the sun shielding, gondola, and optical components
to optimize our observing strategy and increase the stability of the telescope over the flight. We present preflight
characterization of the telescope and its platform.
Keywords: BLAST-TNG, Submillimeter optics, Carbon fiber telescope, Telescope structures, Gondola, Scien-
tific ballooning, Metrology, Star formation
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1. INTRODUTION
The Next Generation Balloon-borne Large Aperture Submillimeter Telescope (BLAST-TNG) is a submillimeter
mapping experiment which features three microwave kinetic inductance detector (MKID) arrays operating over
30% bandwidths centered at 250, 350, and 500 µm (1200, 857, and 600 GHz). These highly-multiplexed, high-
sensitivity arrays, featuring 918, 469, and 272 dual-polarization pixels, for a total of 3,318 detectors, are coupled
to a 2.5 m diameter primary mirror and a cryogenic optical system providing diffraction-limited resolution of
30′′, 41′′, and 50′′ respectively. The arrays are cooled to ∼275 mK in a liquid-helium-cooled cryogenic receiver
which will enable observations over the course of a 28-day stratospheric balloon flight from McMurdo Station in
Antarctica as part of NASA’s long-duration-balloon (LDB) program, planned for the 2018/2019 winter campaign.
BLAST-TNG is the successor to the BLASTPol and BLAST balloon-borne experiments which flew five times
between 2005 and 2012.1,2
Achieving diffraction-limited, sub-arcminute resolution and telescope pointing accuracy is one of the highest
priorities for the success of the BLAST-TNG mission. Although the science goals of BLAST-TNG are similar
to the 2012 BLASTPol mission, most of the major instrument systems have been rebuilt and improved since
the last flight. A new 2.5 m aperture Cassegrain telescope, featuring a lightweight composite carbon fiber
reinforced polymer (CFRP) primary mirror designed and built by Alliance Spacesystems,∗ will enable an increase
in resolution to 30′′ at 250 µm, from BLASTPol’s 2.5′ at the same band. With improved detector sensitivity
and a increase in detector count by a factor of 12, we expect BLAST-TNG will have more than six times the
mapping speed of BLASTPol. The new cryostat has demonstrated a 28 day hold-time, enabling observations of
many more targets at greater depth than were possible during the ∼13 day BLASTPol flight in 2012.
The primary science goal of BLAST-TNG is to map the polarized thermal emission from galactic interstellar
dust around star-forming regions and in the diffuse interstellar medium (ISM). These maps will yield ∼250,000
polarization vectors on the sky, allowing us to explore correlations between the magnetic field dispersion, polar-
ization fraction, cloud temperature, and column density. Quantifying the relationships between these variables
over a large sample of clouds will yield testable relationships which can be fed back into numerical simulations.
The Planck satellite has observed strong correlations between the orientation of Galactic magnetic fields and
large-scale ISM structures,3 as well as the interior of giant molecular clouds (GMCs).4 While BLASTPol was
able to observe the magnetic fields within GMCs at higher resolution than Planck ,2,5 BLAST-TNG will be the
first experiment to probe the fields within the characteristic filamentary structures within GMCs observed by
Herschel .6 Combining the BLAST-TNG data with molecular cloud simulations,7 and numerical models of dust
emission8 and grain properties,9 will give unprecedented insight into the interplay between the gravitational,
turbulent and magnetic field contributions to star and cloud formation, as well as the physics of grain alignment
and mass flow within the interstellar medium.
Polarized dust emission is also the dominant foreground for observations of the cosmic microwave background
(CMB). Characterization of these foregrounds is one of the most important requirements in the search for the
gravitational wave signature of cosmic inflation.10 While the power spectrum from polarized dust foregrounds
is thought to be lowest at small angular scales, there is limited high-resolution observational data of the diffuse
ISM.4,11 BLAST-TNG will be able to make the deepest maps to date of the dust emission in the types of
dark, diffuse regions of the sky favored by state of the art CMB polarization experiments. BLAST-TNG will
probe angular scales not well-characterized to date, and explore correlations between diffuse dust emission and
structures in the cold neutral medium12 at submillimeter wavelengths where the intensity of the thermal dust
signal dominates. With its high pixel count and photon-noise-limited detectors, BLAST-TNG will produce maps
of diffuse ISM with higher fidelity than the highest frequency Planck polarization maps at 353 GHz.
2. BLAST-TNG COMPOSITE OPTICS TECHNOLOGY
In order to meet our angular resolution requirements, BLAST-TNG must feature large-aperture, lightweight
telescope mirrors. Building-large aperture balloon-borne telescope optics is particularly challenging. With in-
adequate support, gravitationally-induced sag can introduce serious aberrations, yet support structures must be
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small enough to fit on NASA launch vehicles, and light enough not to compromise altitude during flight. Achiev-
ing diffraction-limited performance in the submillimeter requires highly accurate optics with rms wavefront
errors of order ∼10µm. Traditional mirror fabrication techniques are inadequate to meet all the requirements
for BLAST-TNG within the cost restrictions of a balloon mission. To date, most balloon payloads operating
in the millimeter/submillimeter wavebands have used aluminum mirrors, but have been limited by mechanical
constraints to less than 2 m in diameter, including BLASTPol (1.8 m)1 and EBEX (1.5 m).13 The SOFIA
instrument features the largest sub-orbital primary mirror to date, at 2.7 m,14 made out of Zerodur, a ceramic
silicate material that is lighter and stiffer than aluminum. However, while SOFIA’s 808 kg primary mirror is
well-suited for a large airplane, it is unacceptably heavy for a balloon experiment. Low-density metals, such as
the beryllium alloy used in the construction of the JWST mirrors15 are extremely expensive. Mirrors made from
these types of materials are cost-effective only if they are able to be reused for multiple flights, making them
risky to use on a balloon mission where they may not be recovered at all.
The CFRP mirror which will fly on BLAST-TNG represents a significant technological development and
research effort. CRFP composites have many advantages over traditional metal mirrors. They have a strength-
to-weight ratio many times that of aluminum, and a near-zero coefficient of thermal expansion, which is especially
desirable for a balloon platform, as the thermal environment in flight can be unstable. Composite primary
mirrors are produced via replication from a positive mold. High-surface accuracy molds are much cheaper
to produce than lightweight mirrors, and can be reused to make subsequent mirrors with equivalent optical
quality without additional polishing. While composite materials are expensive, the reduced recurring costs for
replicating extremely lightweight mirrors make them well-suited to balloon experiments which plan on making
repeated flights with no guarantee of recovering the telescope components.
Large-aperture composite mirrors with high surface accuracy have been demonstrated in the submillimeter.
The first launch of the BLAST experiment featured a 2 m composite primary mirror developed for the Herschel
space telescope,16 although its performance in flight was degraded due to a lack of active focusing control. With
a 2.5 m aperture, the BLAST-TNG primary mirror will be both the largest mirror ever flown on a balloon
experiment, and the largest CFRP telescope mirror operating at submillimeter wavelengths (THz frequencies).
This mirror was designed in partnership with a commercial collaborator, Alliance Spacesystems, under a NASA
Small Business Innovation Research (SBIR) grant.
3. BLAST-TNG OPTICAL ARCHITECTURE
The BLAST-TNG optics design is based on a 2.5 m aperture on-axis Cassegrain telescope, with a CFRP com-
posite primary mirror and an aluminum secondary mirror. The secondary mirror is mounted on three linear
actuators which can move the secondary in piston/tip/tilt to account for changes in telescope focus due to dif-
ferential thermal contraction of the telescope mirrors, CFRP support struts, and the aluminum gondola. The
optical design is shown in Fig. 1.
The telescope feeds a cold (4 K) reimaging optics system which refocuses the beam onto three focal plane
arrays. The cold optics are arranged in a modified Offner relay configuration, shown in the inset of Fig. 1. A
similar configuration was flown in the BLAST/BLASTPol optics box. This configuration has several advantages,
namely (1) it is compact, a necessary condition for running the optics in a liquid-helium-cooled cryostat, (2) the
main optical elements all lie in a single plane, allowing all the elements to be mounted to a single sturdy optics
bench, (3) the modified relay can be used to illuminate the focal planes with a different F/# than the telescope
beam, and (4) the cryogenic Lyot stop allows us to limit the illumination of the primary mirror which reduces
the thermal loading on the detectors. The cold optics simultaneously illuminate three focal plane arrays of
Microwave Kinetic Inductance Detectors, which are optically coupled via single-mode feedhorns. The feedhorns
were designed and machined at Arizona State University, based on a modified Potter design,17 and were drilled
from a monolithic aluminum block with custom-manufactured drill bits. Details of the cryogenic receiver design
can be found in refs. 18,19.
The cold Lyot stop is placed at the image of the primary mirror and acts as the limiting aperture of the
system. The Lyot stop limits the central beam illumination of the primary mirror to 2.33 m. The detector
feedhorns provide a near-Gaussian beam which overfills the Lyot stop, and tapers the illumination by 4.6 dB
Figure 1: Ray trace of the BLAST-TNG optics design from Zemax design software. The left-hand side shows
the on-axis Cassegrain telescope formed by the primary (M1) and secondary mirrors (M2). The Cassegrain focus
lies within the 4 K optics box, shown in the small rectangle, as well as the blown up inset. Light enters the
optics box towards the top left side of the enclosure where it passes through the window of the cryogenic receiver
and a series of filters. After these filters, the first optical element is the broadband achromatic half wave plate
(AHWP), followed by the modified Offner relay formed by the three mirrors M3, M4 (the Lyot stop), and M5.
The location of the three focal plane arrays are shown schematically.
at the edge of the Lyot to reduce ringing in the beam. The illumination of the system pupil is shown in Fig.
2. While all of the feedhorn beams from each of the focal plane arrays overlap on the Lyot stop, they do not
illuminate the same area of the primary mirror. A summary of the BLAST-TNG telescope optical design is given
in Table 1.
Figure 2: Diagrams of the telescope pupil including obscuration from the struts and secondary mirror, the image
of the Lyot stop on the primary mirror, the near-Gaussian illumination of the primary mirror by the Feedhorns.
The illumination of the effective system pupil is shown at right.
4. OPTICAL REQUIREMENTS
4.0.1 Telescope Optical Requirements
The BLAST-TNG telescope must maintain diffraction-limited performance under all combined stresses and load-
ing conditions throughout the anticipated 28-day LDB flight. The telescope must be operational on the ground
Table 1: BLAST-TNG Telescope Optical Prescription
Element Parameter Value
Primary Mirror
Clear Aperture 2500.0 mm
Radius of Curvature 4132.10766 mm
Conic Constant -1.000
Secondary Mirror
Clear Aperture 573.0 mm
Radius of Curvature 1209.82622 mm
Conic Constant -2.380136
Telescope
Primary Vertex to
Secondary Vertex
1590.0 mm
EFL 9698.82 mm
F/# 3.87953
FOV 23 arcminutes
Obscuration Ratio 7.871%
Strut Obscuration Ratio 2.618%
for pre-flight integration and characterization, and must operate in flight over a broad range of temperatures
and pointing angles.
To ensure diffraction-limited performance, the driving requirement for the telescope design was that the total
wavefront error (WFE) of the telescope be no greater than 10 µm rms under all combined loading conditions.
This requirement would ensure that the telescope Strehl ratio be no less than ≈ 90% across all wavebands. A
summary of the telescope performance specifications is given in Table 2.
There are three major loads that the telescope was designed to operate under. These loads were studied
extensively with finite element modeling (FEM) trade studies which ultimately drove the final design of the
telescope optics and support system:
1. Gravity Sag
Gravity-induced sag is the dominant loading stress for the BLAST-TNG telescope. Ground-based telescopes
do not have strict limitations on the mass of telescope support structures, and space-borne missions which
which have extremely demanding mass limits are not affected by gravity sag at all. Sub-orbital flights
occupy the worst of both worlds – having both gravitational stresses and mass constraints.
2. Thermal Soak/Gradients During the flight, the telescope will operate with a thermal shroud or Sun
shield which should help control the thermal environment and block direct solar illumination. Even so, we
anticipate large thermal gradients across the structure, in particular between the primary and secondary
mirrors. These gradients were measured to be up to 15-20 ◦C during the 2010 and 2012 BLASTPol flights.
To account for this, the ability to refocus the telescope in flight is critical.
3. Hygroscopic Strain The resin in CFRP composites exhibits temperature-dependent absorption of water
vapor. The amount of water vapor absorbed by the composite depends on the relative humidity (RH) of
the environment. The rate at which the moisture content of the composite changes is inversely proportional
to the environment temperature.20 As the mirror absorbs (desorbs) water it will grow (shrink) changing
the radius of curvature and the conic constant similar to a change in temperature.
Table 2: BLAST-TNG Telescope Performance Specifications
Parameter Value
Telescope Wavefront Error ≤ 10 µm rms
Primary Mirror Surface Error

≤ 7 µm rms on 50-250 cm scales
≤ 4 µm rms on 5-50 cm scales
≤ 2 µm rms on 0-5 cm scales
Secondary Mirror Suface Error ≤ 1 µm RMS
Operational Elevation Range 0◦ to 60◦
Change in Pointing Error from 20◦ to 60◦ <10 arcseconds
Operating Temperature -20 ± 15 ◦ C
Temperature Difference Between Primary and
Secondary Mirrors
<20◦ C
Operating Pressure 3 mbar
Secondary Mirror In-Flight Positioning δZmin = 10 µm
Total Mass <150 kg
First Natural Frequency <35 Hz
Strut Obscuration Ratio <3
5. TELESCOPE DESIGN AND FABRICATION
The BLAST-TNG telescope design is comprised of three major components: the primary and secondary mirrors
which form the telescope beam, and a sturdy optical bench. The design of each of these components is detailed
in the sections below. The final design of each component is the result of exhaustive finite element modeling,
trade studies, and incorporates lessons learned from previous mirror designs. The design team had experience
building and designing previous generations of BLAST1 as well as composite optics and reflectors for NASA space
missions including Herschel ,21 WMAP space telescope,22 and MAVEN.23 The main elements of the telescope
are detailed in Fig. 3.
The optical bench, or reaction structure, supports the primary mirror, the secondary mirror struts, and
mounts to the balloon gondola. It is responsible for holding the mirrors in a low-stress, kinematic configuration
to maintain precise alignment between the mirrors and the cryogenic receiver while not transmitting bending
stresses to the optical surfaces. The optical bench is built of flat composite laminates bonded together in a rigid,
box-like structure with internal webbing. The laminates are formed by laying down layers of 0.13 mm-thick, layers
of carbon fiber preimpregnated with epoxy, known as prepreg. The laminates are layers of uni-directional tape
where all the fibers are oriented in a single direction, as opposed to woven material. To achieve nearly isotropic
stiffness and thermal expansion in the plane of the laminate, the orientation of each layer of the laminate is
rotated by 45◦ from the previous layer. The layers are then vacuum-pressed together and heat-cured. The bench
itself is roughly 15 cm thick. The strength and rigidity of the bench is proportional to the thickness. In order
to increase the thickness of the bench without altering the location of the primary mirror surface, the front
facesheet has a cutout so that the rear surface of the primary mirror sits below the front of the bench.
The primary mirror is supported by a pseudo-kinematic mount comprised of three bipods. Each bipod is made
of two composite tubes bonded to aluminum fittings on each end. On one end these fittings bolt to aluminum
fittings on the side of the optics bench, and on the other are bolted to Invar fittings bonded to the interior webbing
of the primary mirror. FEM showed that making the metallic fittings out of Invar was critical for managing the
Figure 3: The completed BLAST-TNG telescope during assembly at Alliance Spacesystems, showing the primary
and secondary mirrors, the CFRP struts and optical bench, and secondary mirror actuators. The aluminum
flexures mount to the aluminum gondola inner frame.
deformation of the primary under thermal stresses. Invar, like CFRP composites, has a low CTE. Bonding higher
CTE materials like aluminum directly to the primary mirror caused significant thermal deformation around the
bond sites. FEM showed that under the -20 ◦C uniform soak expected during flight, switching from aluminum
to Invar greatly reduced the rms surface error from 51.9 to 11.1 µm, and the peak-to-valley surface error from
3.4 to 0.6 µm.
The optical bench also supports three long struts which support the secondary mirror assembly. Like the
primary mirror struts, the secondary mirror struts are made from all-composite tubes bonded to aluminum end
fittings. The strut tubes have a rectangular cross section, with their long sides oriented radially outward from
the optical axis. This cross-section provides sufficient stiffness while reducing the obscuration of the primary
mirror. The far end of the struts is bolted to an aluminum triangular structure, known as the “push-plate” which
supports the secondary mirror and the focusing actuators. The secondary mirror assembly is shown in Fig. 4.
5.1 Primary Mirror
The BLAST-TNG composite primary mirror features a monolithic front facesheet which is coated with a thin
layer of vapor-deposited aluminum (VDA). The mirror’s structural strength comes from an interior CFRP core.
The core is formed by a honeycomb-like composite modules with flat laminate strips forming triangular voids.
This isogrid structure provides a high bending modulus while maintaining low mass, both of which minimize the
effect of gravitational sag. Additional stiffness is provided by a segmented rear facesheet which helps distribute
bending stresses across the core. The material selected for all the structural components was a woven prepreg
combining K63712∗ graphite fiber and BT250E low-temperature-cure (121 ◦C) epoxy prepreg.† This roughly
∗Mitsubishi Chemical Carbon Fiber and Composites, Inc.
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Figure 4: CAD Render of the secondary mirror assembly and support system. The aluminum secondary mirror
is shown as a copper color. The push plate (yellow) is the aluminum mirror support which is bolted to the
secondary struts (grey). The three focusing actuators are shown in teal. The actuators are mounted to the push
plate, and actuate the mirror by pushing against a v-groove block with a ball-end. The mirror is pulled against
the ball/groove fittings by the six extension springs shown.
60%/40% fiber/resin composite provides low CTE and high modulus.
The modulus of the isogrid core is a strong function of the core thickness. FEM studies led to increasing the
core thickness as much as possible given the fixed positions of the primary mirror surface and the gondola mount
surface. At its thickest point, roughly half the radius from the optical axis, the core is roughly 30 cm thick. At
its thinnest, around the central hole and at outer edge of the mirror, the core is only 6 cm thick. This tapered
shape maximizes the strength at the areas of highest bending stress, while reducing mass where the stresses are
low.
The optical surface of the primary mirror was made by laying up multiple layers of prepreg onto a positive
graphite mold. The mold was rough-machined from graphite using a computer numerically controlled (CNC)
mill and then hand polished to the final figure. After the front facesheet was laid up on the mold it was cured
in an autoclave while vacuum pressed against the mold. After curing the facesheet was pulled off the mold and
inspected. Once inspected the optical surface was placed back on the mold, and the isogrid was built up in small
modular sections. The assembly flow for the primary mirror is shown in Fig. 5.
5.2 Secondary Mirror
The comparatively small size of the secondary mirror ( 573 mm) greatly reduced the complexity of the engi-
neering and manufacturing. Lightweight ∼0.5 m infrared and submillimeter optics are widely manufactured, and
as such we could rely on existing capabilities of different vendors throughout the process. Corning NetOptix Inc.∗
developed a stiff, aggressively light-weighted design based on preliminary designs by Alliance Spacesystems, and
provided two rough-machined mirror blanks. After surveying the blanks at UPenn, the one with the lower degree
of surface figure error was diamond-turned by NiPro Optics Inc.†. The progression of the diamond-turning is
shown in Figure 6.
∗69 Island Street, Keene, NH 03431
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Figure 5: Primary Mirror Manufacturing Process
Figure 6: Images of the secondary mirror at NiPro Optics Inc. taken before (left), during (center), and after
(right) diamond turning. After the final machining pass (right) the mirror is nearly optical quality, and produces
a clear image of the tool rest.
6. EXPECTED PERFORMANCE
6.1 Metrology
Complete characterization of the full BLAST-TNG telescope optical system is only possible during the flight.
In-band absorption from water vapor prevents ground-based observations of far-field sources with the flight
receiver. To evaluate the focus for the BLAST-Pol experiment, the telescope was refocused to image near-field
sources up to a few hundred yards away. While this approach is useful for testing focus routines, the WFE
introduced by moving the focus, and the atmospheric absorption make meaningful evaluation of the telescope
beam impractical. To characterize the expected telescope performance for BLAST-TNG, we rely mainly on
analytical performance models and finite element analysis. Extensive FEM under all loading conditions was
performed at Alliance Spacesystems, with optical analysis performed throughout the design process to ensure
that the 10 µm rms WFE condition was met under all gravitational, thermal, and hygroscopic stresses expected
during operation.
The accuracy of the final primary mirror surface figure presented the largest uncertainty throughout the
design process. Because the surface accuracy and size scale of the primary mirror are unprecedented for a
composite mirror, there is little heritage for predicting the surface figure errors of the finished surface, and
large-scale deviations from the mold surface. Additionally, limited metrology data was available during the
intermediate stages of the manufacture and for the final product. Traditional evaluation techniques for large-
aperture infrared and submillimeter telescope optics such as infrared interferometry,21 wavefront sensing,24 and
coordinate measuring machine (CMM) profilometry were all cost-prohibitive given the size of the primary mirror.
Figure 7: Surface error of the primary mirror graphite mold after final polishing measured using a commercial
laser tracker. Deviations shown are calculated after subtracting the best-fit conic section and tip/tilt.
Both the mold and the primary mirror surface were surveyed using a laser tracker, a technique which has
been demonstrated at the <1 µm accuracy level,25 and surface data recorded on a ∼5 cm square grid. The
final survey of the mold is shown in Fig. 7. After removing the best-fit conic section and tip/tilt of the surface,
the mold demonstrates a surface error of 8.9 µm rms, and 40.6 µm peak-to-valley. The optical surface of the
primary mirror was also surveyed after initial release from the mold, and twice after the mirror assembly was
completed before application of the VDA optical surface. While surface measurements were sufficient for placing
an upper limit on the surface figure error, large-spatial-scale surface errors were not repeatably observed between
subsequent measurements. We attribute these systematic errors to the relative thermal and mechanical stability
of the mirror itself during these measurements, as compared with the mold.
FARO Technologies Inc.
6.2 Point-Spread Function
The available metrology data were incorporated into a model of the system optical response based on the nominal
optics design and the measured feedhorn beam pattern. The model uses the Zemax model for the full optical
system as the nominal reference prescription, models the feedhorn response as a true Gaussian, and assumes
that the primary mirror surface perfectly replicates the mold surface. Although the surface of the mold exhibits
a number of high frequency surface errors, the impact to performance is minor due to the wavelength compared
to the size of the deformations. We also assume that the secondary mirror is refocused to account for deviations
from the nominal primary mirror conic section.
Figure 8: Modeled point-spread function for the BLAST-TNG optical system at 250 and 500 µm, based on
reference optical prescription (“Nominal Optics”), the telescope obscuration (“Nominal + Struts”), and the
measured surface error of the primary mirror mold (“Nominal + Struts + Mold”). The model includes the
measured response of the Gaussian illumination of the Lyot stop by the feedhorns.
The predicted point-spread functions (PSF) of the system at 250 and 500 µm are plotted in Fig. 8. Because
the Lyot stop underilluminates the primary mirror, the resolution is set by the image of the stop on the primary
mirror. The predicted Strehl ratio of the system exceeds the 80% convention for the diffraction limit based on the
Mare´chal condition across all but the shortest wavelengths. The anticipated WFE of the system is low enough
that despite a reduction of power in the main beam, the resolution is not degraded beyond the diffraction limit.
A summary of the expected optical performance is given in Table 3.
Table 3: Expected Telescope Performance Summary
Wavelength Beam FWHM Strehl Ratio
250 µm 30′′ 0.79
350 µm 41′′ 0.84
500 µm 59′′ 0.87
7. BALLOON-BORNE TELESCOPE PLATFORM
The telescope is mounted in an altazimuth configuration on a pointed gondola which is suspended from the
balloon flight train. The gondola comprises two major mechanical systems: an outer frame which allows the
telescope to rotate in azimuth, and an inner frame that can be precisely pointed in elevation with respect to
the outer frame by way of a direct-drive motor. The outer frame is suspended by four steel cables from the
a high-torque pivot motor which attaches to the base of the balloon flight train. Primary azimuth pointing is
achieved by a high moment of inertia reaction wheel which provides fine control of the scan speed, but saturates
if large slews or fast azimuth scans are required. The pivot motor servos off the reaction wheel speed to provide
coarse pointing during slews and dump angular momentum from the reaction wheel to the balloon flight train.
BLAST-TNG operates primarily in a continuous raster-scan mode, with faster (∼0.5◦ /s) scans in azimuth and
slow (<0.1◦/s) drifts in elevation. Data taken during azimuth turnarounds is discarded due to these vibrationally-
induced thermal instabilities. Typical observations will map square or circular regions on the sky of sizes from
a ∼5-50 square degrees, with the lower limit set by inefficiencies in the observation-to-turnaround time, and the
upper limit set by the scan speed and the 1/f knee of the detectors.
A suite of pointing sensors are used to continuously measure the attitude, geographic location, and trajectory
of the payload and are read in by the flight computers to calculate the real-time telescope pointing solution in
right ascension (RA) and declination (DEC). Absolute pointing information of the telescope is primarily provided
by two autonomous daytime-operating star cameras, mounted on a carbon fiber truss above the cryostat, pointed
parallel to the optical axis. These cameras contain a high-resolution integrating CCD camera controlled by a
single-board computer, both mounted in an aluminum pressure vessel. The camera observes a 2◦ by 2.5◦ area,
and the exposure time, aperture, and focus can be controlled by the single-board computer and stepper motors
mounted to the camera lens.26 The control computer runs the attitude-determination program STARS developed
for the EBEX experiment.27,28 However, the typical scan speed for BLAST-TNG is around 0.5 ◦/s, meaning
that to avoid blurring of the images, the star cameras can only capture images at the turnarounds of the scans,
which are a few seconds apart. Two three-axis fiber-optic gyroscope units ∗ mounted on opposite sides of the
inner frame are used to precisely measure the angular velocity of the inner frame and interpolate the telescope
pointing in between star camera solutions. These sensors are able to compute the solution to <5′ rms during
flight, and to <5′′ rms after post-flight pointing reconstruction.29
7.1 Mechanical Requirements
The balloon-borne platform presents a distinct set of constraints and requirements, combining the gravitational
stresses of a ground-based telescope, and the mass constraints and extreme thermal environment of a space
telescope. For a given size balloon, the altitude of the balloon during flight is determined by the buoyancy of
the helium in the balloon and the mass of the payload. To reach the required altitudes with the 34 million cubic
feet balloon used by BLAST-TNG the this places a absolute maximum mass requirement of 3,600 kg. Reducing
the mass as much as possible below this maximum reduces both the structural demands on the gondola and
suspension elements and the torque output from the pointing motors. For BLAST-TNG an upper limit of 3,200
kg was set on the total payload mass, though we expect the actual mass of the payload to be closer to 2,700 kg.
The main mechanical requirement of the inner frame is that it maintain precise alignment between the
telescope, the receiver, and the star cameras. Any relative motion of the telescope with respect to the receiver
will cause spurious blurring and streaking of the images. Equally important is that the telescope beam not move
with respect to the star cameras, as this would cause an elevation-dependent systematic pointing offset in the
∗KVH Industries DSP-1760
Figure 9: Photograph of the BLAST-TNG gondola, showing the telescope mounting surface on the front of the
inner frame, the cryogenic receiver (painted red), and the two autonomous daytime star cameras mounted above
the receiver. Each star camera has a long baffle to reject stray light and reflections off of the telescope baffle.
For flight, both baffles will be painted white to reduce their thermal emissivity.
maps and jitter during elevation turnarounds. The absolute offset angle between the star camera beam and the
telescope beam is not critical, as long as they are roughly aligned such that the star cameras have a clear view of
the sky at all elevation angles. This means the star cameras must be aligned to the telescope bore sight to within
a few degrees. Misalignment between the telescope and the receiver shifts the center of the beam on the focal
planes, leading to under-illumination of the pixels at the edge of the array. To achieve the necessary rigidity of
the inner frame, we required that the relative pointing misalignment between the telescope and the receiver due
to deformation of the mounting structure be less than half the FWHM of the beam at the smallest wavelength
of observation over the full range of observed elevations between 20 and 60 degrees.
7.2 Telescope Mount Design
To keep the BLAST-TNG inner frame stiff and compact, while separating the bending stresses from the telescope
optics, the frame is composed of two joined sections: a ring of alumnum c-channel which attaches around the
waist of the cryostat, and a welded monocoque structure of thin aluminum sheets which forms a broad flat
surface for the telescope to mount at the front of the frame. A cut-out in this front plate allows the telescope
beam to pass through the inner frame, and affords access to the cryostat front window. The cryostat readout
electronics are mounted securely to a welded rack hanging below the rear section of the inner frame. Aluminum
6061-T6 was selected for the frame material because it is easily machined, welded, relatively inexpensive, and
there are many readily available standard structural beams and other elements that can be incorporated into
the design. Because aluminum is also a good thermal conductor, the frame can be used as a heat sink for the
flight electronics.
The monocoque structure contains four internal ribs, thin vertical sheets of metal, in addition to thick
sidewalls which make it very stiff along the direction of the optical axis to minimize sag from the weight of the
telescope. The location of the internal webbing structure is shown in Fig. 10. To reduce mass, most panels
include oval cut-outs where their presence would not unacceptably reduce the structural strength or interfere
with the mounting locations of the mirror, motors, or electronics. A series of 13 mm-thick pads were welded
to the front facesheet for mounting the telescope. Before joining the front and rear frame sections, these pads
were machined flat and coplanar after they were welded on in a machine large enough to accommodate the full
monocoque assembly. Only after surfacing all these mounts were the bolt holes tapped for the telescope mount.
This process ensured that the telescope would mount on a flat surface which would not stress the optics.
7.3 Modeling Pointing Performance
In order to size the structural members of the inner frame, a detailed finite element model (FEM) was developed
and a series of trade studies performed to achieve the desired stiffness of the frame with as low a mass as possible.
A number of parameters were varied in these studies, including the monocoque web thickness, the height and web
thickness of the rear c-channel, the thickness of the top (cryostat mount) and bottom rear plates, the cryostat
support gussets, geometry of the front and rear sections, and mesh size.
To quickly evaluate the results of the FEM simulations of the inner frame assembly without running a full
opto-mechanical analysis of the telescope and mount, the pointing offset between the receiver and the telescope
optics were estimated for each simulation. The x, y, and z coordinates of of five finite elements were tracked
before and after running the simulations. Two elements at the front and back of the cryostat top plate were
used to define the cryostat boresight vector, ~Vcryo. Three elements on the telescope optics bench, at the rear of
the three secondary mirror struts, were used to define a plane perpendicular to the optical axis of the telescope.
The normal vector to this optics bench plane, ~NOB points along the telescope optical axis. The pointing offset,
theta, was defined as angle between these two vectors: cos(θ) = ~NOB • ~Vcryo.
Because this bending-induced pointing offset changes with elevation, the FEM simulation was run at 20◦ and
60◦ , the upper and lower elevation limits during flight, and the differential pointing offset, ∆θ, between these
angles was calculated.
Because the simulations were meant to evaluate the stiffness of the inner frame itself, not all elements in the
assembly were modeled. Only the exterior of the cryostat was included, and the internal components were not
modeled. The internal optical components have been modeled separately.30 The star cameras and their mount
were not included in these simulations, as we required the star camera mount be stiff enough that any bending
would be subdominant to the bending of the inner frame. The aluminum flexures that attach the telescope optics
bench to the front of the inner frame were modeled as perfectly rigid elements as the details of their design were
still being developed at the manufacturer. This assumption means that the simulations likely over-estimate the
bending of the front facesheet of the inner frame. The Fig. 10 shows the deformation of the front facesheet
of the monocoque from the simulations at the upper and lower limits of the elevation range. The magnitude
of the deformation across the full face is less than 10 µm. The mean offset in z was calculated for each of
the six telescope mount points at each elevation, and these offsets were put into the detailed telescope FEM
model developed at Alliance Spacesystems. The displacements of the mount points had no observed effect on
the primary mirror bending or WFE.
The results of the FEM simulations of the as-built inner frame are shown in Fig. 10. At an elevation of
30◦ , the pointing offset is 28′′, and at an elevation of 60◦ , the pointing offset is 19′′, giving a differential
pointing offset over range of observing elevations of 9′′. This is less than half the beam FWHM at the shortest
observed wavelength. This offset is of roughly the same order as the anticipated differential pointing offset due
to bending of the telescope optics alone. Even if the bending of the telescope optics causes the beam to move
in the same direction as the bending of the inner frame, we expect that the elevation-dependent pointing offset
from bending/motion of the telescope optics, inner frame, and cryostat to be less than the size of the beam at
250 µm.
Figure 10: Results of finite element modeling of bending of the inner frame under 1-g gravitaional loading at
different elevation angles. The deformation scale is exaggerated by several hundred times in order to make the
direction of the bending more clear. The largest displacement in the model is the cryostat, and is only 200 µm.
Figures A and C show the calculated bending in z-direction of the front facesheet of the inner frame monocoque.
The six rectangles around the perimeter are the telescope mount points. The four vertical dashed lines show
the location of the internal ribs of the monocoque. As expected most of the bending occurs between the ribs.
Figures B and C show the total displacement from bending of the inner frame, cryostat, and simplified telescope.
7.4 Thermal Environment
The BLAST-TNG payload thermal environment is controlled by extensive baffling and Sun shields. The thermal
environment of the telescope and the payload must be carefully controlled to avoid direct solar illumination of the
optical system, and to ensure all components operate within allowable temperature ranges. The flight trajectory
and the conditions during launch, ascent, and descent are largely unpredictable, and can vary widely between
different launches. As such, it is necessary to design the gondola platform to handle a wide range conditions and
stresses.
The Sun shield design follows the approach from the BLASTPol experiment, detailed in Soler et. al., 2014.31
A 6.5 m long aluminized mylar baffle surrounds the telescope optics. The baffle is formed around a truss of
carbon fiber tubes ∗ bonded to aluminum fittings, incorporating design elements from the X-Calibur gondola.32
An outer Sun shield built from welded aluminum pipe† encloses the entire payload and acts as a ground screen
protecting the entire instrument from both direct and reflected solar illumination. A detailed ThermalDesktop
∗CST Composites
†GSM Industrial Inc.
∗ model was used to determine the placement of the reflective panels and predict the operating temperatures of
the major systems and electronic components.
Figure 11: Render of the BLAST-TNG payload, with critical components labeled, including the telescope and
pointed gondola platform. The cryogenic receiver, shown in red, supports the two boresight star cameras. The
large asymmetric Sun shields enclose the payload, protecting the components from solar illumination and Earth-
shine, and allow the gondola to point to within 35◦ in azimuth from the Sun on the starboard side.
The visibility of different regions of the sky throughout the flight is set by the geometry of the telescope
baffle. The telescope pointing scheduler is constrained by limits determined from the thermal model based on
the geometry of the baffle and the position of the Sun. At every elevation angle, the allowed azimuth angles are
determined by ensuring that there is no direct thermal illumination of the telescope primary or secondary mirrors.
Because the balloon may in latitude from its launch location depending on stratospheric wind currents, these
constraints are calculated at extreme cases of ±10◦ latitude drifts, and recalculated at different dates throughout
the anticipated flight. To allow for pointing towards certain high-priority targets, the baffle is designed to allow
pointing to within approximately 35◦ of the sun at most elevation angles throughout the flight.
8. CONCLUSION
The BLAST-TNG experiment features one of the most technologically ambitious telescopes ever flown on a
balloon experiment. With a 2.5 m diameter carbon fiber composite primary mirror, BLAST-TNG will be able
to map the submillimeter polarized thermal emission from interstellar dust at sub-arcminute resolution, probing
the magnetic field structure of molecular clouds and the diffuse interstellar medium on previously unexplored
angular scales. The telescope has been completed and will be integrated with the balloon gondola and cryogenic
receiver during pre-flight systems integration at the NASA Columbia Scientific Ballooning Facility in Palestine,
∗Cullimore and Ring Inc.
TX, in preparation for a planned 28 day stratospheric balloon flight from McMurdo Station, Antarctica during
the winter of 2018/2019.
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